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[57] ABSTRACT 

Dense, composite, polycrystalline ceramic articles com- 
prising silicon nitride, silicon dioxide, and yttrium oxide 
and having thin surface layers of controlled composi- 
tion are formed by sintering pre-pressed compacts em- 
bedded in setter bed powder mixtures having composi- 
tions of silicon nitride, silicon dioxide, and yttrium 
oxide which differ from that of the pressed compact. 
Employing the method of this invention, articles are 
produced which have surface layers in which the minor 
phase of the article is enriched with either yttrium o r 
sili con. : ~ 

9 Claims, 5 Drawing Figures 
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mixture during sintering can often occur at the elevated 

METHOD OF PRODUCING DENSE SILICON temperatureff required. 
NITRIDE CERAMIC ARTICLES HAVING 

CONTROLLED SURFACE LAYER COMPOSITION OBJECTS OF THE INVENTION 

5 It is therefore an object of the present invention to 

CROSS-REFERENCE TO RELATED provide an improved method of producing densified 

APPLICATIONS composite ceramic articles of silicon nitride by pres- 

This application relates to matter disclosed and sureless sintering, 

claimed in co-pending application Ser. No. 333,246 filed It is another object of this invention to provide a 

concurrently herewith and assigned to the present as- 10 method of producing densified composite ceramic arti- 

signee. . cles of silicon nitride having surface layers of controlled 

BACKGROUND OF THE INVENTION composition. 

This invention relates to methods of producing densi- SUMMARY OF THE INVENTION 

fied composite ceramic articles. More particularly, it is 15 It has been found in accordance with the present 

wjccn^wthametW invention that dense, noncrystalline ceramic articles 

tallme silicon mtnde articles havmg thin surface layers ^ a ma jor phase consisting essentially of sili- 

of controlled composition. ^ „ it ride and a minor phase consisting essentially of 

Densified composite ceramic articles based upon „. . Y . ^. ° - . \ u 

silicon nitride havTbeen the subject of considerable 20 "hcon, nitrogen, oxygen, and yttrium, wherein the 

study. Powder mixtures predominantly comprising sili- ^ rticles ? ln surface layers of controlled composi- 

con nitride, when consolidated to densities approaching tion > •» produced by sintering powder compacts of 

the theoretical maximum, result in the production of silicon nitride, silicon dioxide, and yttrium oxide em- 

densified ceramic articles having desirable high temper- bedded in powdered setter bed mixtures of predeter- 

ature properties. These articles have refractory charac- 25 mined compositions different from the composition of 

ter, high temperature creep resistance, thermal shock the powder compact. In the method of this invention, 

resistance, and strength which make them ideal for careful selection of the composition of the setter bed 

many high temperature applications. powder mixture relative to that of the powder compact 

To produce densified composite ceramics from pow- results in the production of dense, poly crystalline sili- 

der mixtures, three methods of consolidation generally 30 nitride ceramic articles having uniform composi- 

have been employed: hot pressing, hot isostatic press- tion throughout or, alternatively, having surface layers 

ing, and.so-called pressureless sintering. m wMc | l mo i e ^ 0 f yttrium oxide to silicon diox- 

Hot pressing involves the simultaneous application of ide m the n6nor phase differs from the corresponding 

heat and mechanical pressure to the powder mixture at ^ m ^ mterior of the ^ of ^ 

temperatures high enough to cause sintering. Typically, More particularly, in accordance with this invention, 

pressures of several, tons per square inch are applied ^ f roducin dense> po i ycrys taUine silicon 

uniaxiallv to the oowder mixture, usually by means of a " , ; F rr , ■ . % « * 

repress ^ 7 . nitride based artistes having thin surface layers of con- 

* In the hot isostatic pressing method, the powder mix- *<f* composition coa^^ ^^)yro^ s 

ture is placed in a non-permeable deformable container 40. a finely divided mixture of silicon mtnde, silicon diox- 

to which heat and pressure are applied at temperatures We, and yttrium oxide; (b) pressing the powder mixture 

high enough to cause sintering. In this method, the *o form a sinterable compact; (c) embedding the sintera- 

pressure is applied equally in all directions on the pow- ble compact in a non-sinterable setter bed powder mix- 

der mixture, usually by means of a pressurized fluid. ture of from about 48 mole percent to about 94 mole 

Although sintering of the powder mixture occurs 45 percent silicon nitride, the balance consisting essentially 

during both of the foregoing processes, the term "sinter- of yttrium oxide and silicon dioxide wherein the mole 

ing" when used in connection with processes for densi- ratio of yttrium oxide to silicon dioxide is between zero 

fying powder mixtures, generally connotes the process and about 2; and heating the sinterable compact and 

of densifying a pre-pressed powder compact without non-sinterable setter bed powder mixture at a tempera- 

the aid of pressure applied external to the compact 50 ture and for a period sufficient to sinter the compact to 

which drives the powder particles together. . a densified composite article having a density of at least 

Sintering is the preferred method of densifying com- gg^ of theoretical, 
posite ceramic articles because of both the cost and 

complexity of equipment needed for other methods and BRIEF DESCRIPTION OF THE DRAWING 
because of the difficulty of producing some intricately 55 Ifl ^ drawing- 
shaped ceramic articles by diamond grinding following pIG t k ^ ^ lar composition diagram of the 
hot pr^go^ dlton mtride «uicon dioxide-yttrium oxide system. 

ft is known ^ the art to add oAer materials to sihcpn 2 and 3 are of an enlarged portion of the corn- 
nitride to aid m its sintering and to confer valuable high * \* f — ~ - 6 ^ 

temperature properties upon the finished article. Densi- 60 diagram of FIG. 1. 

fication aids which haviTbeen used for this purpose . ™»'« and 5 are P h ?*™^^ 

include aluminum oxide, magnesium oxide, yttrium ttons of densified sd:con mtnde ce» «^ made n - 

oxide, and the oxides of me rare earth elements. accordance with the method of ^this invention. 

Almoughpressurdesssmteri^^ a understanding of the ipresent invention, 

taming additives is an attractive process for producing 65 together with' other and further objects, advantages, 

densified composite ceramics, the method has some and capabilities thereof, reference is made to the follow- 

drawbacks. Decomposition or volatilization of silicon ing disclosure and appended claims in connection with 

nitride or of other components of the initial powder the above-described drawings. 
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powder mixture lies in the horizontally barred region of 
DESCRIPTION OF THE PREFERRED the composition diagram shown in FIG. 2. That is, 

EMBODIMENTS De d powder compositions of this preferred em- 

Referring to FIG. 1, there is shown the triangular bodiment contain between about 48 mole percent and 
mole fraction composition diagram for the silicon ni- 5 about 94 mole percent silicon nitride, with mole ratios 
tride-silicon dioxide-yttrium oxide system indicating the of yttrium oxide to silicon dioxide lying between about 
major compounds formed by the components of the 0.25 and 1.1. ... 
system. Lines connecting the composition points of In the most preferred embodiment of this invention, 
these compounds divide the diagram into several re- the compositions of the setter bed powders employed in 
gions of interest which have been designated with 10 the method contain between about 65 mole percent and 
Roman numerals. about 94 mole pecent silicon nitride and have mole 

It generally has been taught in the prior art that to ratios of yttrium oxide to silicon dioxide between about 
fabricate ceramic compositions of silicon nitride, silicon 0.25 and 1.1. 

dioxide, and yttrium oxide which are stable toward In the first step of the method of this invention, a 
oxidation, the compositions must be restricted to re- 15 finely divided powder mixture is provided containing 
gions I and II of the composition diagram. (See for about 80 mole percent to about 95 mole percent silicon 
example U.S. Pat No. 4,102,698 to Lange et al.) This nitride, with the balance comprising silicon dioxide and 
restriction arises due to the increasing inclusion of com- yttrium oxide. The silicon nitride may be amorphous 
pounds such as YSiC^N, unstable toward oxidation, in material, amorphous material which has been partially 
the final densified composite as the starting powder 20 crystallized by heat treatment, or may be a mixture of 
mixture contains increasing amounts of Y2O3. Thus, it substantially completely crystalline and substantially 
has been taught in the prior art that, when formulating completely amorphous material. The average particle 
silicon nitride-silicon dioxide-yttrium oxide ceramics, size of the material should range below about 3 microns, 
compositions lying in regions III and IV of the ternary preferably below about 1 micron. A method of obtain- 
composition diagram shown in FIG. 1 are to be 25 ing silicon nitride of the requisite purity, particle size 
avoided. and morphology has been described in detail in U.S. 

However, in accordance with the method of this patent application Ser. No. 625,330, filed Oct. 23, 1975, 
invention, it has been found thai silicon nitride-silicon assigned to the present assignee and now abandoned, 
dioxide-yttrium oxide ceramic compositions which Silicon dioxide in amounts ranging between about 2 
range over a wider permissible area of the S13N4— Si- 30 mole percent and about 10 mole percent of the starting 
0 2 — Y2O3 composition diagram and which have sur- powder mixture may be present as an oxide coating on 
face layers tailored to increase their high temperature the silicon nitride material, or may be added to pure 
strength and/or oxidation resistance can be produced silicon nitride or to silicon nitride haying insufficient 
by sintering the powder compacts in a setter bed ppw- oxide in order to obtain the desired oxide composition, 
der mixture of a composition different from that of the 35 Yttrium oxide in amounts of between about 2 mole 
compact. The resulting composite ceramics possess thin percent and about 15 mole percent is added to the start- 
surface layers in which the minor phase is enriched with ing mixture of silicon nitride and silicon dioxide to act as 
respert ;o either silicon or yttrium. In the former in- a deification aid. 

stance, the surface layer possesses enhanced oxidation The powder mixiure preferably contains less than 0.1 
resistance over materials containing greater amounts of 40 weight percent cation impurities, but may additionally 
yttrium. In the latter instance, the surface layer pos- contain small amounts (up to about 3 weight percent) of 
sesses greater high temperature strength due to the aluminum oxide or iron oxide to enhance sinterabihty. 
inclusion of additional yttrium. In the second step of the method, the powder mixture 

Thus, the method of the present invention permits the is cold pressed at pressures of about 500 psi to about 
tailoring of a thin surface layer on sintered composite 45 25,000 psi to form the powder mixture into a sinterable 
silicon nitride-silicon dioxide-yttrium oxide ceramics to compact. 

meet the needs of particular applications. For example, In the third step of the method of this invention, the 
a stronger ceramic body having yttrium oxide content . pressed powder compact is embedded in a setter bed 
which places it in one of the "undesirable" composition powder mixture of silicon nitride, silicon dioxide, and 
regions (III or IV) of the ternary composition diagram 50 yttrium oxide having a composition lying within the 
of FIG. 1, more prone to high temperature oxidation, ranges detailed above. The materials employed for the 
may be tailored with an oxidation resistant casing layer formulation of the setter bed may be derived from the 
enriched in silicon dioxide. same sources as the materials used in formulating the 

Conversely, for example, a more oxidation resistant powder compact 
ceramic body having a higher silicon dioxide cqntent 55 In the next step of the method, the pressed compact 
may be tailored with a stronger, yttrium oxide enriched and setter bed powder mixture are preferably heated in 
surface layer using the method of this invention. a nitrogen atmosphere to sinter the compact to a densi- 

Referring to FIG. 2, the workable range of setter bed fied body having a density of at least 98% of theoretical, 
powder compositions employed in tbe method of this preferably greater than 99%. Sintering temperatures of 
invention lies in the shaded region of the ternary com- 60 between about 1400" C. and 2000° C. are chosen, de- 
position diagram shown there. That is, workable setter pending upon the ease of sinterability of the particular 
bed powder compositions of the method of this inven- compact composition chosen. Sintering times of be- 
tion contain between about 48 mole percent and about tween about 1 hour and 10 hours are effective to pro- 
94 mole percent silicon nitride, with mole ratios of yt- duce densified ceramic articles having. densities in ex- 
trium oxide to silicon dioxide lying between zero and 65 cess of 98% of theoretical. 

aD0Ut 2. It is preferred that the sintering step be carried out in 

In a more preferred embodiment of the method of the a nitrogen gas atmosphere at a pressure which is pro- 
present invention, the composition of the setter bed portional to the sintering temperature to inhibit volatili- 
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. zation or decomposition of the silicon nitride. It has To sinter composition X to a final densified ceramic 
been found in accordance with the method of this in- body having substantially uniform composition 
vention that nitrogen pressures useful in this step of the throughout by the method of this embodiment of the 
invention are related to the sintering temperature by the invention, the setter bed powder composition should 
expression: 5 preferably lie in the quadrilateral region GHJK of HO. 

3. 

iW( 4 Pj G 4 jg a photomicrograph of a cross-section of a 

. „. . « . _ ' .' . , t sintered ceramic body of silicon nitride, silicon dioxide 

whercPBthep^matmwphem^Tistheabsolute ^ yttrium oxide made - m accordance ^th this em- 
temperature m degrees Kelvin, and a and b are con- W bodiment of the present method (see Example I below), 
stantehaving the values of about 2.9X 10* and 15.43, EIectron ^op^ across ^ CI j! 

respectively. L . , sectional face of this sample indicated no detectable 

In one einbodmient of Ae method of thu invention, variation m Ae ^ „ P ttrium 
^composition of *e setter bed powder is chosen so In entaitae , t Vf ita method of this inven- 

that Ae find sintered body has substonbally uniform 15 tion, the composition of the setter bed powder mixture 
common throughout In A* embodiment of Ae b re ^ ve to ^ of ^ ^ t to 

composition relative to that of the pressed powder com. mobr ratk) of y^um oxide to silicon dioxide fa the 

pact insures the dynamic balance between the setter bed • „, . M . f i. i :„ ,u Ju . a 

„„j j„„-„„ „-„*«4-» a»* „...<• „ , „ minor phase or the surface layer is less than that in the 

that of the interior of the sintered body J£S&!5£ ; to f 10 ^to smterapres^compac 
Since the article produced by AU embodiment of the ^ fi ^T^^^^ ^ 

method has a surface layer of a composition which is .^^^^ 
substantially the same as that of the interior of the body 23 ^JS?"^^ com .I ,os ' tto 5! P 
of the article, it is preferred that the composition of the ^^T^ ^ TtSf^" ^ V 
pressed sinterable compact lie within region I or II of ac ~ ld . a "f ! w * thu. embodiment of the invention, the 
the composition diagran, of FIG. 1. That is, the compo- P° wdcr con ^ n . ? mo,ar amoun4 ? f 

sitionofthecompactpreferablycontatobetweenabout ^^"r^ l ? 0 ^?T 
80molepercenttoabbut95molepercentsiliconnitride. 30 P? ct » th f *J °« *»; .The :mok iratio of yttrium oxide to 
between about 2 mole percent and about 10 mole per- ?l°? de » * c setter b ^.P° wd « should be less 

cent silicon dioxide andbetween about 2 mole percent than . a35 tunes ' he corresponding molar ratio in the 
and about 15 mole percent yttrium oxide, but limited to powder compact 

compositions in which the molar ratio of yttrium oxide . ln <m ° ther embodiment of the method of this 
to silicon dioxide is equal to or less than about 1.0. 35 invention, Ae composition of the setter bed powder 
Specifically, in accordance with this embodiment, the nature is chosen relative to that of Ae pre^powder 
molar amount of silico:. nitride in the setter bed is to P5° d,H * f,n . al sl r tered d f nsifi ! d m 

chosen to be between about 0.6 and 0.9 times the molar *e molarratio yttrium tosdicon m Ae minor 

amount of silicon nitride in Ae powder compact The {*" e °'* he Jayer of the body is greater inan 
molar ratio of yttrium oxide to silicon dioxide in Ae « * at * the second uUer S ranular P 1 * 35 * 5 of mtenor of 
setter bed powder is chosen to have a value between , ^r?' ... 

about 0.35 times Ae corresponding ratio in the powder In m,s embodiment of Ae meAod. to smter a powder 
compact, or any value up to that equal to th£ molar «»Pj*t havmg Ae composition represented by point 
ratio of yttrium oxide to silicon dioxide in Ae powder * of Fia 3 » f he « tter Wpw*r mixture preferably 
compact 45 has a composition lying witlun triangular region AFH 

These preferred setter bed powder compositions for ? f < he composition dingnm. That is, preferred setter 
this embodiment of Ae method can best be visualized bed , P owder lmx }^f 3 of «us embodiment contain a 
by reference to FIG. 3. However, in the discussion m0,ar J" 0 ?* of S,,,C0I, n i tnde ° f a * iff 31 ^ °; 6 
which immediately follows, it is to be understood Aat *** of ™ c o m P a ct, Aat is, 0.6 N. The mole ratio 

Ae composition represented by point X in Ae composi- 50 <? f vttnum 0 " de to »«»con oxide m the setter bed pow- 
tion diagram of FIG. 3 and Ae lines drawn in Aat Fig- der ran 8* s between a value greater than that of Ae 
ure representing molar ratios of yttrium oxide to silicon compact (line AJHB) up to a value of about 2 (line AF). 
dioxide are merely for illustrative purposes and are not 5 . w .^ photomicrograph of a cross-section of a 

to be read as limiting the scope of Ae invention as sdlcon mtnde-silicon dioxide-yttnum oxide ceramic 
claimed in Ae appended claims. « composite article made m accordance wiA this embodi- 

In Ae ternary composition diagram shown Aere, ment of the meAod (see Example 4 below). Examina- - 
point X represents the composition of Ae powder com- tion of FIG. 5 clearly shows Ae yttrinm-rich casing 
pact All points lying along Ae line AXJHB have Ae byer produced in Ae article by Ais fabrication meAod. 
same molar ratio of yttrium oxide to silicon dioxide, An- electron microprobe analysis across Ae exposed 
represented by the value M. Points lying along Ae line *> face of the cross-section indicated substantially the same 
AKGC represent compositions having a molar ratio of 811100,1 content in both Ae surface layer and Ae interior 
yttrium oxide to silicon dioxide of about 0.35 times Aat of the article wiA considerably enhanced yttrium con- 
of composition X, Aat is, 0.35 M. Line EGHFDrepre- tent in Ae surface layer. 
- sents Ae iso-composition line where Ae molar amount EXAMPLES 
of silicon nitride is about 0.6 times Aat of composition 65 . 

X, while line KJ represents the iso-composition line To enable one skilled in Ae art to practice the meAod 
where Ae molar amount of silicon nitride is about 0.9 °f the present invention, Ae following examples are 
times Aat of composition X. ' provided. The examples are merely illustrative of Ae 
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invention and are not to be viewed as limiting the scope tering process to produce an yttria-rich casing layer on 
of the invention as defined by the appended claims. the article. 

TABLE I 



MOLAR COMPOSITION MOLAR COMPOSITION 

OF COMPACT OF SETTER BED J K. 









D 








■ H 


Ratio 


Ratio 




A 


B C 


Mole Ratio 


B 


F 


G 


Mole Ratio - 


Column H 


Column E 


EXAMPLE 


S13N4 


S1O2 Y2O3 


Y 2 Oj/Si02 


Si 3 N 4 


Si0 2 


Y2O3 


Y2O3/S1O2 


Column D 


Column A 


1 


93.0 


3.20 3.80 


1.19 


80.0 


14.0 


6.n 


0.43 


0.36 


0.S6 


2 


93.2 . 


2.96 3.80 


1.28 


77.8 


12.8 


9.4 


0.74 


038 


0.83 


3 


907 


6.80 2.50 


0.37 


93.2 


6.8 


0 


0 


0 


1.03 


4 


93-0 


3.20 3.80 


1.19 


93.0 


3.2 


3.8 


1.19 


1.00 


1.00 


5 


93.2 


2.96 3.80 


1.28 


72.2 


2.8 


25.0 


9.03 


7.05 


0.77 


6 


84.8 


7.0 8.2 


1.17 


84.8' 


7.0 


8.2 


1.17 


1.00 


1.00 


7 


88.3 


3.3 8.2 


2.34 


88.3 


3.5 


8.2 


2.34 


1.00 


1.00 



Unless otherwise indicated, all percentages are mole 
percent. 

In each of the Examples 1-7 below, a mixture of 
silicon nitride, silicon dioxide, and yttrium oxide was 20 
thoroughly mixed by conventional ball milling meth- 
ods. The mixture was then pre-pressed to form a com- 
pact which had the compositions indicated in Table I. 

In each case, the pressed compact was embedded in a 
setter bed powder having the composition given in 25 
Table I, and sintered for 1 hour at 1400° C. and then for 
4 hours at 1900* C. under nitrogen gas at a pressure of 
about 200 psi. 

Table I further indicates the molar ratio of yttrium 
oxide to silicon dioxide in each pressed compact (col- 30 
umn D of the Table) and in the setter bed powder (col- 
umn H of the Table). 

The ratio of yttria to silica in the setter bed relative to 
that in the pressed compact for each example is given in 
column J of the Table, while the ratio of silicon nitride 35 
in the setter bed to that in the pressed compact appears 
in column K of the Table. 

Examples 1 aad 2 of Table I represent articles having 
substantially uniform composition throughout, made in 
accordance with the first specific embodiment of the 40 
method of this invention discussed above. The cross- 
section of the article corresponding to Example 1 is 
shown in FIG. 4 and has already been discussed above. 
As can be seen by the data presented in Table II, the 
final density (3.265 g/cm 3 ) of the article corresponding 45 
to Example 2 is very close to the theoretical density 
(3.261 g/cm 3 ) of a pure silicon nitride-silicon dioxide- 
yttrium oxide article. The corresponding small gain in 
weight (about 0.86%) of the article after sintering indi- 
cates little, if any, incorporation of material from the 50 
setter bed powder during the sintering process. 

Example 3 represents an article made in accordance 
with the second specific embodiment of the present 
method in which the resulting article possesses a silica- 
rich casing layer. 55 

Examples 4-7 represent articles made in accordance 
with the third specific embodiment of the present 
method which results in an article having an yttria-rich 
casing layer. The cross-section of the article corre- 
sponding to Example 4 appears in FIG. 5 and has al- 60 
ready been discussed above. As can be seen from the 
data in Table II, the density of the article corresponding 
to Example 6 has a density (3.455 g/cm*) considerably 
greater than that (3.261 g/cm*) of a pure silicon nitride- 
silicon dioxide-yttrium oxide article. The diminished 65 
shrinkage (about 21%) and higher weight gain (about 
25.42%) upon sintering indicate that this article has 
incorporated yttria from the setter bed during the sin- 



TABLE II 





SINTERING BEHAVIOR 




WEIGHT 


% VOLUME 


DENSITY 


EXAMPLE 


CHANGE 


SHRINKAGE 


(g/cm 3 ) 


2 


+0.B6% 


-32.25 


3.26S 


6 


+25.42% 


-21.00 


3.455 



Thus, in accordance with the present invention, a 
method is provided for producing sintered composite 
ceramic bodies of silicon nitride, silicon dioxide, and 
yttrium oxide in which the body has substantially uni- 
form composition throughout or, alternatively pos- 
sesses a silica-rich or yttria-rich casing layer. 

While there have been shown and described what are 
at present believed to be the preferred embodiments of 
the present invention, it will be obvious to one skilled in 
the art that various changes and modifications may be 
made therein without departing from the scope of the 
invention as defined by the appended claims. 

What is claimed is: 

1. A method of producing dense, polycrystallme sili- 
con nitride articles having surface layers of controlled 
composition comprising the steps of: 

(a) providing a finely divided mixture of from about 
80 mole percent to about 95 mole percent silicon 
nitride, from about 2 mole percent to about 10 mole 
percent silicon dioxide and from about 2 mole per- 
cent to about 15 mole percent yttrium oxide; 

(b) pressing the mixture to form a sinterable compact; 

(c) embedding the sinterable compact in a non-sinter- 
able setter bed powder mixture of a composition 
different from that of the powder compact, with a 
content of from about 48 mole percent to about H 
mole percent silicon nitride, the balance consisting 
essentially of yttrium oxide and silicon dioxide 
wherein the mole ratio of yttrium oxide to silicon 
oxide is between 0 and about 2; and 

(d) heating the sinterable compact and nonsinterable 
setter bed powder mixture at a temperature and for 
a period sufficient to sinter the compact to a densi- 
fied composite article having a density of at least 
98% of theoretical, wherein said step of heating is 
carried out in a nitrogen atmosphere at a pressure 
which is related to the temperature of heating by 
the expression: 

where P is the pressure in atmospheres, T is the absolute 
temperature in degrees Kelvin, and a and b are con- 
stants which have the values of about 2.9 XlO 4 and 
about 15.43, respectively, to substantially inhibit the 
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thermal decomposition and volatilization of silicon ni- 
tride at said temperature. 

2. A method in accordance with claim 1 wherein the 
mole ratio of yttrium oxide to, silicon dioxide in said 
setter bed powder mixture ranges between about 0.25 
and about 1.1. 

3. A method in accordance with claim 2 wherein the 
molar amount of silicon nitride present in said setter bed 
powder mixture is between about 65 mole percent and 
about 94 mole percent 

4. A method of producing a dense, polycrystalline 
silicon nitride based article having substantially uniform 
composition throughout comprising the steps of: 

(a) providing a finely divided mixture of silicon ni- 
tride, silicon dioxide, and yttrium oxide; 

(b) pressing the mixture to form a sinterable compact; 

(c) embedding the sinterable compact in a nonsintera- 
ble setter bed powder mixture of a composition 
different from that of the powder compact, with a 
content consisting essentially of silicon nitride, 20 

and silicon dioxide wherein the 



10 



15 



ing essentially of silicon nitride, silicon dioxide, and 
yttrium oxide wherein the molar amount of silicon 

.. nitride in said setter bed powder mixture is greater 
than about 0.6 times the molar amount of silicon 
nitride in said sinterable compact and wherein the 
molar ratio of ytrrium oxide to silicon dioxide in 
said setter bed powder mixture is less than about 
0.35 times the molar ratio of yttrium oxide to sili- 
con dioxide in said sinterable compact; and 

(d) heating the sinterable compact and non-sinterable 
setter bed powder mixture at a temperature and for 
a period sufficient to sinter said compact to a densi- 
fied composite article having a density at least 98% 
of theoretical, wherein said step of heating is car- 
ried out in a nitrogen atmosphere at a pressure 
which is related to the temperature of heating by 
the expression: 



yttrium oxide, and silicon dioxide wherein tne where P is the pressure in atmospheres, T is the absolute 
molar amount of silicon nitride in said setter bed temperature in degrees Kelvin, and a and b are con- 
powder mixture ranges between about 0.6 and 0.9 which ^ ^ values of about 2 9x I0 4 and 
times the molar amount of silicon nitride in said about 15 43f respectively, to substantially inhibit the 
sinterable compact, and wherein the molar ratio of 2 5 thermal decomposition and volatilization of silicon ni- 
yttrium oxide to silicon i dioxide in said settee ^bed tride ^ ^ teraperature . 

powder mixture ranges between about 0.35 and 1.0 ? A method m accordance with claim 6 wherein said 
times the molar ratio of yttrium oxide to siheon 8mtefable ^ uprises from about 80 mole per- 
dioxide m^said sinterable comparand to about 95 mo i e percent silicon nitride, from about 

(d) heating the sinterable compact and non-sinterable 30 - 

setter bed powder mixture at a temperature and for 
a period sufficient to sinter said compact to a densi- 
ffcd composite article having a density at least 98% 
of theoretical, wherein said step of heating is car- 
ried out in a nitrogen atmosphere at a pressure 35 
which is related to the temperature of heating by 



the expression: 



40 



45 



50 



where P is the pressure in atmospheres, T is the absolute 
temperature in degrees Kelvin, and a and b are con- 
stants which have the values of about 2.9 XlO 4 and 
about 15.43, respectively, to substantially inhibit the. 
thermal decomposition and volatilization of silicon ni- 
tride at said temperature. 

5. A method in accordance with claim 4 wherein said 
sinterable compact comprises between about 80 mole 
percent and about 95 mole percent silicon nitride, less 
than about 10 mole percent silicon dioxide, with the 
balance consisting essentially of yttrium oxide, provid- 
ing that the molar ratio of yttrium oxide to silicon diox- 
ide is less than about 1.0. 

6. A method of producing a dense, composite, poly- 
crystalline silicon nitride based article comprising a 
major phase consisting essentially of silicon nitride and 55 
a minor phase consisting essentially of silicon, nitrogen, 
oxygen and yttrium, said article haying a thin surface 
layer wherein the molar ratio of yttrium to silicon in 
said minor phase is less than the molar ratio of yttrium 
oxide to silicon dioxide in said minor phase in the inte- 
rior of the body of said article, said method comprising 
the steps of: 

(a) providing a finely divided mixture of silicon ni- 
tride, silicon dioxide, and yttrium oxide; 

(b) pressing the mixture to form a sinterable compact; 65 

(c) embedding the sinterable compact in a setter bed 
powder mixture of a composition different from 
that of the power compact, with a content consist- 



2 mole percent to about 10 mole percent silicon dioxide, 
and from about 2 mole percent to about 1 5 mole percent 
yttrium oxide. 

8. A method of producing a dense, composite, poly- 
crystalline silicon nitride based article comprising a 
major phase consisting essentially of silicon nitride and 
a minor phase consisting essentially of silicon, nitrogen^ 
oxygen and yttrium, said article having a thin surfcoe 
layer wherein the raoiar ratio of yttrium to silicon i-; 
said minor phase is greater than the molar ratio of yt- 
trium to silicon in said minor phase in the interior of the 
body of said article, said method comprising the steps 
of: 

. (a) providing a finely divided mixture of silicon ni- 
tride, silicon dioxide, and yttrium oxide; 

(b) pressing the mixture to form a sinterable compact; 

(c) embedding the sinterable compact in a setter bed 
powder mixture of a composition different from 
that of the powder compact, with a content consist- 
ing essentially of silicon nitride, silicon dioxide, and 
yttrium oxide wherein the molar amount of silicon 
nitride in said setter bed powder mixture is greater 
than about 0.6 times the molar amount of silicon 
nitride in said sinterable compact and wherein the 
molar ratio of yttrium oxide to silicon dioxide in 
said setter bed powder mixture is greater than 
about 1.0 times the molar ratio of yttrium oxide to 
silicon dioxide in said sinterable compact, but less 
than about 2.0, and 

(d) heating the sinterable compact and non-sinterable 
setter bed powder mixture at a temperature and for 
a period sufficient to sinter said compact to a densi- 
fied composite article having a density at least 98% 
of theoretical, wherein said step of heating is car- 
ried out in a nitrogen atmosphere at a pressure 
which is related to the temperature of heating by 
the expression: 
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where P is the pressure in atmospheres, T is the absolute 
temperature in degrees Kelvin, and a and b are con- 
stants which have the values of about 2.9X 10 4 and 
about 15.43, respectively, to substantially inhibit the 
thermal decomposition and volatilization of silicon ni- 
tride at said temperature. 
9. A method in accordance with claim 6 wherein said 



12 



sinterable compact comprises from about 80 mole per- 
cent to about 95 mole percent silicon nitride, from about 
2 mole percent to about 10 mole percent silicon dioxide, 
and from about 2 mole percent to about 15 mole percent 
yttrium oxide. 
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